1. Introduction {#sec1-ijerph-17-04807}
===============

Insufficient physical activity and sedentary behavior are major risk factors for death from cardiovascular diseases, cancer, and diabetes worldwide \[[@B1-ijerph-17-04807]\]. The positive effects of physical activity have prompted leading health organizations to create activity guidelines to benefit health. However, globally, 25% of adults do not meet recommendations for physical activity \[[@B1-ijerph-17-04807]\]. Physical activity is important for all ages and should be integrated into daily life; for example, the workplace is a key setting where sedentary behavior can be reduced \[[@B2-ijerph-17-04807]\]. As active forms of transportation and commuting become more popular, a trip to and from the workplace offers the potential for increased productivity and a reduction in injuries and absenteeism \[[@B3-ijerph-17-04807],[@B4-ijerph-17-04807]\]. The American College of Sports Medicine (ACSM) guidelines include cardiorespiratory exercise training of ≥150 min·wk^−1^ moderate-intensity (64--76% of maximum heart rate (HR~max~), or 3--5.9 MET) or ≥75 min·wk^−1^ vigorous-intensity (77--95% HR~max~ or 6--8.7 MET), or a combination of both, respectively \[[@B5-ijerph-17-04807]\].

In the course last decade, there has been a great deal of technological progress in the bicycle market with an increased number of pedelecs \[[@B6-ijerph-17-04807]\]. The number of pedelecs sold in Germany has steadily increased in recent years. In 2017, there were 720,000; in 2018, that number reached 980,000, which is an increase of 36% compared to the previous year \[[@B7-ijerph-17-04807]\]. Pedelecs are bicycles with electrical motor supports that can be gradually added. The motor is only active as long as the rider pedals, supporting a speed up to 25 km/h^−1^. At higher speeds, the work has to be done by the rider alone. The assumed advantages of a pedelec vs. a normal bicycle are shorter travel times, longer travel distances, and a higher number of trips. For longer commuting distances, challenging weather conditions, or the transportation of heavy loads, pedelecs are becoming increasingly popular \[[@B8-ijerph-17-04807],[@B9-ijerph-17-04807]\].

However, current knowledge about the positive health effects of pedelecs usage remains sparse. Questionnaire studies show that pedelec trip distances were significantly longer compared with bicycles, but that physical activity levels were similar. This suggests that pedelec users may compensate for the lower exertion per kilometer by traveling for longer distances \[[@B10-ijerph-17-04807],[@B11-ijerph-17-04807]\].

The physiological response of pedelec use in experimental studies shows increasing physical fitness, meeting physical activity recommendations determined by questionnaires, and in a laboratory setting for pedelec use \[[@B12-ijerph-17-04807]\]. Our goal is, however, to measure the physiological adjustments in everyday use.

We hypothesize that pedelec usage produces similar health-promoting effects compared with adult employees' bicycle usage. Therefore, pedelecs are a suitable tool to enhance physical activity. Thus, the primary outcome was the total pedelec ride time minutes per week and the achieved heart rate, compared to bicycle rides.

Furthermore, we aimed to compare the results to ACSM guidelines for physical activities \[[@B5-ijerph-17-04807]\].

2. Materials and Methods {#sec2-ijerph-17-04807}
========================

2.1. Study Design {#sec2dot1-ijerph-17-04807}
-----------------

The study was planned as an observational crossover study. To address the two different workplace settings of blue and white-collar workers, four different companies from Hanover, Germany, were chosen for the study. The employees were informed about the study via intranet, mail, and posters. Informative registration events were organized in the companies for interested employees. One hundred and nineteen volunteers were recruited. 101 (47 females, 54 males, age 43 ± 11 years, weight 82 ± 17 kg, for further details, see [Table 1](#ijerph-17-04807-t001){ref-type="table"}) were included in the study and met the following inclusion criteria: male and female workers between the ages of 18 and 65. Eighteen subjects were disqualified based on our exclusion criteria: diabetes, tumor diseases, coronary heart disease or arterial occlusive disease, unadjusted hypertension, an operation in the last eight weeks, a joint replacement six months prior to the study or suffering from other severe conditions counter indicating physical exercise. All participants were informed of the risks involved in this study and gave written informed consent prior to participation. The study protocol was approved by the ethics committee of Hannover Medical School (No. 6901-2015). The study was conducted in accordance with the Declaration of Helsinki.

2.2. Preliminary Physiological Testing {#sec2dot2-ijerph-17-04807}
--------------------------------------

Before starting the study, all subjects visited the laboratory to undergo a brief physical examination by a physician. Additionally, body weight and body fat were determined using a direct-segmental multi-frequency bio-impedance scale (Inbody720, Biospace, Seoul, Korea). Height was measured using a stadiometer, and body weight was determined using a calibrated scale (Seca 764, seca GmbH & Co. KG, Hamburg, Germany). Body Mass Index (BMI) was calculated as the ratio of weight (in kg)/squared standing height (m^2^). Participants performed a graded exercise test on a cycle ergometer (Ergoselect 200, ergoline, Bitz, Germany). The test started at a workload of 20 W (for women) or 50 W (for men) for one minute and increased by 16.6 W every minute. Participants cycled until volitional exhaustion. Throughout the test, heart rate (HR) was recorded using a 12-channel-electrocardiogram (CardioSoft, GE Healthcare, Boston, USA) and respiratory gas exchange was measured breath-by-breath using an indirect calorimetry system (Masterscreen CPX, Becton Dickinson, Franklin Lakes, USA) HR and respiratory exchange values were averaged every 30 s. Peak oxygen consumption and maximum heart rate (HR~max~) was determined as the highest 30 s average during the exercise test.

2.3. Flow Protocol and Randomization {#sec2dot3-ijerph-17-04807}
------------------------------------

The observational flow protocol is displayed in [Figure 1](#ijerph-17-04807-f001){ref-type="fig"}. All subjects were randomly assigned to two-week pedelec or bicycle use in a randomized crossover design. Participants were randomized in every company 1:1 into the two groups (sequence 1 or sequence 2) using a previously computer-based list of random numbers generated by a collaborator. Detailed information on the sequences pictured in [Figure 1](#ijerph-17-04807-f001){ref-type="fig"}. The participants were informed about the group assignment, due to the nature of the used hardware (especially the pedelec motor) blinding was impossible.

According to the participants' preferences, subjects were equipped with different pedelec models (city, trekking, mountain, carrier bikes). To eliminate the effect of curiosity, a two-week familiarization period with pedelecs was conducted before the recording period with the pedelec. To ensure that pedelec use did not have any effects on bicycle use, all subjects who started with the pedelec had a two weeks washout phase without pedelec before activities with the bicycle were recorded ([Figure 1](#ijerph-17-04807-f001){ref-type="fig"}).

2.4. Trip Documentation via Monitoring Tools {#sec2dot4-ijerph-17-04807}
--------------------------------------------

Subjects recorded HR, duration, and perceived exertion of cycling digitally and in paper form during both observation periods. HR and Borg-scale were recorded via a smartphone app and a chest strap (Polar H7 Bluetooth smart, Polar, Kempele, Finland). The app was exclusively developed for this study (Inside m2m GmbH, Garbsen, Germany). Furthermore, an activity monitor (ActiGraph GT9X Link, Actigraph, Pensacola, FL, USA) was worn for assessing daily activity. The data were recorded via the app and transferred directly to an MHH database and saved on an internal university server. To detect changes in daily physical activity, participants were instructed to wear an activity monitor for the whole day during both periods. Activity monitor data were recorded in 1-min epochs. A wear time validation algorithm was used \[[@B13-ijerph-17-04807]\] and physical activity intensity was divided into two categories by a cut-off value of 1951 counts: sedentary to light (≤1951 counts) and moderate to very vigorous (≥1952 counts) \[[@B14-ijerph-17-04807]\]. The activity monitor had to be worn for ≥10 h day^−1^ to be considered a valid wear day \[[@B15-ijerph-17-04807]\]. Only subjects with ≥7 valid wear days in both observation periods were included in activity monitor analysis.

2.5. Measured Parameters {#sec2dot5-ijerph-17-04807}
------------------------

The duration of physical activity was recorded in one-minute intervals. Rating of perceived exertion (RPE) was given on the basis of the Borg-scale \[[@B16-ijerph-17-04807]\]. HR for a trip was calculated as average (without zeroes) over the duration of the trip. If more than 50% of the HR data were missing for a single trip, the trip was not taken into account for HR analysis. In 88 pedelec users (87%) and 62 bicycle users (61%), data sets were fully received.

2.6. Intensity Calculation {#sec2dot6-ijerph-17-04807}
--------------------------

Regularly, MET calculation is based on oxygen consumption (VO~2~) during individuals' exercise testing. During daily biking, we were not able to directly measure VO~2~. Thus, we calculated MET based on HR and VO~2~ derived from data of the graded exercise test. To estimate V0~2~ (mL/min/kg) for a given heart rate, the following equation was calculated using linear regression: with the factor 1 for men (sex = 1) and factor 2 for women (sex = 2). Therefrom exercise intensity in MET was calculated by dividing VO~2~ with 3.5 mL/min/kg (equals 1 MET).

2.7. Statistical Analysis {#sec2dot7-ijerph-17-04807}
-------------------------

Following a Kolmogorov--Smirnov test to verify normal distribution of the data, a student's paired *t*-test was performed to analyze differences between P and B. The differences in intensity for all rides classified by %HR~max~ were analyzed with an unpaired student's *t*-test. Values are presented as mean ± standard deviation (SD). An alpha of *p* \< 0.05 was considered to be statistically significant. All analyses were carried out with the SPSS software package for Windows^®^ (Version 24, IBM Corp., Armonk, NY, USA).

3. Results {#sec3-ijerph-17-04807}
==========

3.1. Trip Documentation/ Monitoring {#sec3dot1-ijerph-17-04807}
-----------------------------------

Randomized sequencing did not affect ride time. Pedelec ride time, as well as bicycle ride time, did not show significant differences Pedelec time Sequence (S1 vs. S2: *p* = 0.26, bicycle time S1 vs. S2: *p* = 0.31). Total ride time was 35 ± 61% lower in B than in P (*p* \> 0.001; [Figure 2](#ijerph-17-04807-f002){ref-type="fig"}, [Table 2](#ijerph-17-04807-t002){ref-type="table"}). The number of trips was higher with P than B (5.3 ± 4.3 to 3.2 ± 4.0 trips·wk^−1^) (*p* \< 0.001). Average trip duration did not differ between P and B (37.5 ± 23.5 to 40.3 ± 27.8 min/trip) (*p* = 0.45). During the two-week observation periods, 91% of the subjects used the provided pedelec and 69% used their own bicycle.

The distance from the participant's home to their work was divided as follows: 1--3 km 7%, \>3--5 km 13%, \>5--10 km 15%, \>10 km 18%, \>20 km 31%, \>50 km 16%.

Daily activity monitor wear time did not differ between the two observation periods (P 856 ± 72 min, B 864 ± 62 min, *p* = 0.28).

3.2. Measured Parameters {#sec3dot2-ijerph-17-04807}
------------------------

Daily activity time in the category sedentary to light did not show significant differences between the observation periods (P 805 ± 79 min, B 810 ± 77 min, *p* = 0.63) nor did moderate to vigorous activity (P 50.9 ± 35.0 min, B 54.3 ± 47.7 min, *p* = 0.50).

Mean HR was 8 ± 13% lower during P than B (109 ± 14 vs., *p* \< 0.001) 118 ± 17 bpm. In both groups, %HR~max~ was in the range of ACSM recommendations \[[@B9-ijerph-17-04807]\] for both ([Figure 2](#ijerph-17-04807-f002){ref-type="fig"}, [Table 2](#ijerph-17-04807-t002){ref-type="table"}).

Subjects perceived exertion was lower during P than during B (Borg-scale: 11.7 ± 1.8 to 12.8 ± 2.1, *n* = 70) (*p* \< 0.001).

3.3. Calculated Intensity {#sec3dot3-ijerph-17-04807}
-------------------------

Metabolic rate calculated from absolute HR during rides was lower in P than B, but sufficient to meet ACSM recommendations \[[@B9-ijerph-17-04807]\] for moderate-intensity in both ([Figure 2](#ijerph-17-04807-f002){ref-type="fig"}). Energy expenditure expressed as the weekly metabolic rate was higher during P than during B (*p* \< 0.01), meeting ACSM recommendations \[[@B9-ijerph-17-04807]\] in P but not in B ([Figure 2](#ijerph-17-04807-f002){ref-type="fig"}, [Table 2](#ijerph-17-04807-t002){ref-type="table"}).

4. Discussion {#sec4-ijerph-17-04807}
=============

Pedelec use requires similar physical effort as bicycle use, and therefore it is a suitable tool to enhance health-promoting physical activity. B achieved 35% less total time than P with 99 ± 109 min·wk^−1^. When riding P, the HF was only 8% lower than during B at 109 ± 14 bpm.

While both groups met ACSM criteria for moderate activity with respect to mean HR, total ride time was significantly less in B without achieving the recommended activity time of 150 min·wk^−1^.

However, taking MET and MET- min·wk^−1^ into account, our data clearly support that even though P usage is less exhausting than B (as described by lower MET) in our population, the total MET minutes per week were even higher in P as compared to B.

The results of our study suggest that pedelecs are used more often than normal bicycles in everyday use when no usage specifications are made. Similar observations have been made by Fyhri and Fearnley, who showed an increase of trips with the pedelec compared to the bicycle \[[@B17-ijerph-17-04807]\]. However, while more trips were executed, the average duration per trip showed no significant difference. We, therefore, assume that the participants mainly used the pedelecs for the same routes as the bicycles, but more often. This finding indicates that commuting and day-to-day tasks (e.g., grocery shopping), rather than additional recreational trips, were the main usage purpose.

Volume and intensity are the two parameters to evaluate if physical activity is sufficient to expect health promotion effects. Several other studies already showed that the heart rate during single trips with the pedelec can be classified as moderate by ACSM standards \[[@B17-ijerph-17-04807],[@B18-ijerph-17-04807]\], and the pedelec was therefore assumed to be a promising mode meeting physical activity guidelines \[[@B18-ijerph-17-04807]\]. Our study is one of the first where no minimum riding requirements were made, and cardiorespiratory intensity during real-world pedelec usage patterns was analyzed in a large cohort.

In accordance with previous studies, our data confirm that the average heart rate during everyday pedelec use was significantly lower than during cycling, but was still high enough to be classified as moderate by ACSM standards \[[@B5-ijerph-17-04807]\]. This was supported by the calculation of the metabolic costs of P which also classify it as moderate intensity, but significantly less intense than B. The lower intensity was also perceived by the subjects, resulting in the reporting of lower exertion during P. This has been observed in other studies as well \[[@B18-ijerph-17-04807],[@B19-ijerph-17-04807],[@B20-ijerph-17-04807]\]. Lower perceived exertion has been reported to be a motivation to replace other modes of transportation (e.g., car or public transport) by the pedelec \[[@B21-ijerph-17-04807]\] and might, therefore, be the main reasons for the higher usage pattern we observed with the pedelec \[[@B17-ijerph-17-04807]\].

Importantly the weekly metabolic rate was significantly higher during P than B, showing higher energy expenditure while pedelecs were used. This shows that the volume compensates for the lower intensity observed during P. We can, therefore, assume that pedelecs may have beneficial health effects as reported previously \[[@B4-ijerph-17-04807],[@B22-ijerph-17-04807]\] and we can confirm previous assumptions that the pedelec is an alternative to the bicycle for fulfilling health care guidelines \[[@B19-ijerph-17-04807]\].

The absence of differences in general activity between the two observation periods can be explained by the fact that cycling activity is not accurately recorded by the Actigraph activity monitor \[[@B23-ijerph-17-04807],[@B24-ijerph-17-04807]\]. Therefore, neither pedelec use nor cycling affects the recorded total daily activity. The participants still wore the device all day to make sure every activity was recorded. The absence of changes in general activity indicates that using the pedelec did not influence other physical activities as observed in other activity promoting interventions \[[@B25-ijerph-17-04807]\]. Our findings are in accordance with other studies, which showed that the additional activity with the pedelec did not reduce other physical activities \[[@B22-ijerph-17-04807]\]. Our participants were very active in addition to the pedelec/bicycle use as activity counts for moderate to very vigorous activity were higher than the activities observed in other studies \[[@B22-ijerph-17-04807]\]. Hence, even in generally active people, the pedelec can be a health-promoting active transportation mode.

Pedelec use can help to meet the recommendations for physical activity, despite motor support. This shows that the integration of pedelecs in the form of active transportation to work is an important resource and should be supported by employers.

Limitations
-----------

Although our study design included an introduction period where the participants got used to the pedelec, two weeks might have been not enough time to eliminate the effect of curiosity. Equipping the participants with GPS devices would have given our study further benefits in making pedelec and bicycle trips more comparable regarding speed, distance, and altitude. Recording the support level during the pedelec rides would have given further inside into the actual usage behavior as well. A further limitation is the relatively high number of participants who did not record heart rate during the trips due to technical limitations and based on measurements throughout the year with corresponding seasonal weather differences. For further studies, we, therefore, recommend easier to handle and more accepted options of heart rate recording, e.g., photoplethysmographic measurement on the wrist. As we only examined a two-week period, further research is necessary to clarify if the observed effects endure over longer time periods and a larger study population.

The examined population showed BMI and fat values slightly above desirable normal range but within average ranges in Germany, and thus, effects should be comparable to the general population.

5. Conclusions {#sec5-ijerph-17-04807}
==============

On the basis of a real-world setting, our study showed that pedelecs could be a suitable method to enhance health-promoting physical activity in healthy adults. While the average physiological response is high enough to achieve beneficial adaptions, individual preconditions need to be taken into account for every pedelec user. As we only examined a two-week period, further research is necessary to clarify if the observed effects endure over longer time periods.
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ijerph-17-04807-t001_Table 1

###### 

General subject information (*n* = 101). S1 and S2 display sequence association of S1: bicycle first vs. S2: pedelec first.

  ---------------------------------------------------------------------------------------------------
                                    All\         S1 Bicycle First\   S2 Pedelec First\   S1 vs. S2\
                                    Mean ± SD    Mean ± SD           Mean ± SD           *p*-Value
  --------------------------------- ------------ ------------------- ------------------- ------------
  Gender (men/female)               54/47        27/24               27/23               0.915

  Age (years)                       43 ± 11      44 ± 12             42 ± 11             0.369

  Height (cm)                       174 ± 9      173 ± 9             175 ± 10            0.370

  Bodyweight (kg)                   82 ± 17      84 ± 19             81 ± 15             0.469

  Body mass index (kg·m^−2^)        27.0 ± 4.8   27.6 ± 5.0          26.5 ± 4.4          0.218

  Fat mass (%)                      27 ± 9       28 ± 9              26 ± 9              0.381

  Maximum Power output (W·kg^−1^)   2.6 ± 0.6    2.6 ± 0.7           2.6 ± 0.6           0.618

  VO~2~ peak (mL·kg^−1^·min^−1^)    32 ± 8       32 ± 8              33 ± 8              0.674
  ---------------------------------------------------------------------------------------------------

VO~2~ peak = Peak oxygen consumption.

ijerph-17-04807-t002_Table 2

###### 

Further results.

  -------------------------------------------------------------------------
                                 P\            B\            *p*-Value
                                 Mean ± SD     Mean ± SD     
  ------------------------------ ------------- ------------- --------------
  Number of trips (wk^−1^)       5.3 ± 4.3     3.2 ± 4.0     *p* \< 0.001

  Trip duration (min)            37.5 ± 23.5   40.3 ± 27.8   *p* = 0.45

  Total ride time (min·wk^−1^)   174 ± 146     99 ± 109      *p* \< 0.001
  -------------------------------------------------------------------------
